Abstract In Northeast Spain, the invasive Drosophilidae species Drosophila suzukii has become an important agricultural pest, mainly of strawberries and cherries. To improve sustainable management practices, we conducted field surveys and laboratory trials to better understand the pest ecology, identify non-crop hosts, and assess the effect of strawberry variety and fruit ripening stage on the D. suzukii development. Our results confirmed that D. suzukii adults are active during the winter, and adult populations peaked in spring and autumn. From January to June, adult captures were female-biased, and more females had more mature eggs compared with the period of September-December. We found several non-crop hosts of this pest that are common in Mediterranean forests and margins that can provide food and reproduction resources for D. suzukii population growth. These hosts were Bryonia cretica, Prunus mahaleb, Rosa canina, Rubus ulmifolius, Sambucus nigra, Solanum chenopodioides, Solanum dulcamara, and Solanum nigrum. No-choice and choice laboratory trials demonstrated that D. suzukii was able to oviposit in red, blush, or green strawberry fruits but, host suitability of different ripeness stages varied with variety. Data provided may be useful for predicting the risk of pest damage in a specific cropping area, in designing effective D. suzukii management programs and in hindering D. suzukii population growth.
Introduction
Drosophila suzukii Matsumura (Diptera: Drosophilidae) is commonly known as the Spotted Wing Drosophila. It is an invasive drosophilid species native to Eastern and Southeastern Asia but has expanded its range to other countries in Asia, as well as Europe and North America where it has become an important agricultural pest (Hauser 2011; Calabria et al. 2012; Cini et al. 2012 Cini et al. , 2014 Asplen et al. 2015) . Recently, it has also been found in South America (Deprá et al. 2014 ). Contrary to other so called vinegar flies, D. suzukii females oviposits in healthy, mature ripening fruits in high-value crops such as strawberries, sweet cherries, raspberries, and blueberries where it can cause considerable economic loss (Mitsui et al. 2006; Goodhue et al. 2011; Lee et al. 2011; Cini et al. 2012 ).
In Catalonia region, Northeast Spain, D. suzukii was first detected in 2008 (Calabria et al. 2012) . In 2010, it was found in 15 out of 26 areas sampled, but no crop damage was detected. In 2011, it was found at 36 of 59 locations surveyed, and damage was found in six areas, mainly on sweet cherries and strawberries, and to a less extent on plums, figs, and peaches (Sarto and Sorribas 2011) . Apart from fruit crops, D. suzukii is known to reproduce on a wide range of fruits including ornamental, invasive, and native non-crop plants. Lee et al. (2015) and Kenis et al. (2016) summarized the plant species naturally infested in the field among which are common species native to the Mediterranean region. Many of these noncrop hosts may play an important role in the maintenance of D. suzukii populations in natural systems, especially when susceptible crops are not present. These non-crop hosts may also enhance natural biological control by providing a refuge for natural enemies (Arnó et al. 2012; Gabarra et al. 2015) . Results from Daane et al. (2016) point to that direction since them often collected D. suzukii parasitoids in wild hosts. In the Mediterranean, many crops are grown in a mosaic landscape that includes forests and areas with wild vegetation alongside agricultural land. For example, in Catalonia, cherry orchards are usually located in hilly areas often close to Mediterranean forests, similarly to the strawberry fields that are situated close to the coastline.
In Catalonia, the fly has two population peaks, one in spring and a higher one in autumn (Escudero-Colomar 2015; Sorribas et al. 2015) . This population dynamic is similar to that reported in the San Joaquin valley of California where populations developing early in the season, disappear during the hottest months of the year but increase again in autumn (Harris et al. 2014; Wiman et al. 2014; Wang et al. 2016) . High temperatures may be responsible for the population decline in summer, since Kinjo et al. (2014) reported no flight activity above 28°C. Existing data suggest that the pest overwinters as adults, survival being higher for females than for males at low temperatures (Dalton et al. 2011; Tochen et al. 2014; Kaçar et al. 2015; Rossi-Stacconi et al. 2016 ). According to Zerulla et al. (2015) , the adult has a reproductive diapause in winter that is affected by the climate conditions and food availability.
As a basis for improving sustainable management practices, our study (i) estimated D. suzukii sex ratio and female reproductive status as affected by weather data to better understand pest ecology, (ii) identified non-crop hosts, and (iii) assessed the effect of strawberry variety and fruit ripening stage on the development of D. suzukii progeny.
Materials and methods
Adult abundance, female reproductive status and field climatic data
The seasonal flight activity of D. suzukii adults at IRTA (Cabrils, Barcelona, Spain) was estimated by capturing adults in vinegar traps. The traps were placed at a height of approximately 1.5 m and close to known D. suzukii susceptible hosts. In 2012, two traps were hung on two Arbutus unedo L. trees that were 27 m apart, whereas in 2013 and 2014 three traps were arranged in the vertices of a triangle with two sides of 40 m and a base of 27 m in the proximity of a strawberry and raspberry plot. The traps were made with durable transparent plastic cups (9 cm diameter and 14 cm high) with four lateral holes (1 cm diameter) and were baited with 250 ml of apple cider vinegar (5 % acetic acid) and a small drop of washing-up liquid to improve trapping efficiency ). This bait is considered standard for D. suzukii trapping (Lee et al. 2012 ). The trap content was filtered weekly and the liquid replaced. Drosophila suzukii abundance by sex was assessed under a dissecting microscope. Females were dissected by removing and cutting their abdomen, on the left side, in Ringer's solution, and the ovaries observed under a stereoscopic microscope to record the number of mature eggs per female according to the description of Watabe and Beppu (1977) .
Maximum and minimum temperature, relative humidity, and precipitation data for the study period were taken from the weather station at Cabrils (41°31 0 3.82 00 N, 2°22 0 37.23 00 E, 81 m high) belonging to the Xarxa d'Estacions Meteorològiques Automàtiques (XEMA) of the Servei Metereològic de Catalunya (Meteo.cat). The weather data were downloaded from the Ruralcat website (http://www.ruralcat.net/web/guest/agrometeo).
Natural infestation and susceptibility of wild noncrop fruits
Adult D. suzukii used in our laboratory experiments was reared in controlled climate chamber at 25 ± 1°C, 70 ± 10 % RH, and 16:8 L:D on a standard Drosophila artificial medium of cornmeal, sugar, and yeast. Studies of fruit infestation and progeny development were also conducted under the same conditions.
Twenty-seven samples of ripe fruits and one sample of green fruits from 17 non-crop species were collected from different sites in Northeast Spain, recording the date, location, altitude, habitat, and number of fruits per sample (Table 1 ). All collection sites were known to have D. suzukii susceptible crops in the area. The only exception was the samples from Camprodon collected at 1273 m altitude and about 40 km from the closest fruit production area. Natural infestation of D. suzukii was determined in all collected fruit samples except on Ruscus aculeatus L. and Solanum dulcamara L. A known number of fruits from each sample were placed in 1 l aerated plastic containers on polystyrene chips to elevate the fruits from any rotting liquids. The containers were placed in the climate chamber and emerging D. suzukii adults were recorded and the average number of adults emerging per fruit calculated. Fruit susceptibility to D. suzukii tests was made for R. aculeatus, S. dulcamara, and other fruits that were not naturally infested. A known number of these fruits were placed in containers as described above with 15 females and 10 males from the laboratory colony being released in each container for a period of eight days. The number of adult progeny was recorded and the average per fruit calculated.
Effect of strawberry variety and fruit ripening stage on progeny development
Drosophila suzukii females (0-7-day old) from the laboratory colony, reared as described in Gabarra et al. (2015) , were placed in a glass jar (1500 ml) and fed with a water-honey solution (10 %). Insecticide-free strawberry fruits of the Californian Albion and the Spanish Candonga cultivars were collected from commercial farms. Albion is a day-neutral variety widely cultivated in north east Spain that flowers and bears fruit continually during the year. Candonga is a short-day variety and is one of the main cultivars grown in Huelva province (south west Spain), one of the main strawberry production areas in Europe. The strawberry fruits were washed in 5 % commercial bleach solution containing a few drops of washing-up liquid for 10 min. The fruits were then rinsed twice with tap water for 5 min and dried with filter paper. No-choice and choice experiments were conducted to study the effect of ripeness stages (red, blush and green fruits) and variety on D. suzukii reproduction.
No-choice experiments
Three strawberry fruits at the same ripening stage were arranged equidistantly by 16.5 cm on the floor of a topaerated cylindrical, transparent plastic cage (19.5 cm diameter and 30 cm high). A 50 ml container with waterhoney solution (10 %), covered with cotton wool, was placed in the center of the cage to provide humidity and to feed the flies. Five D. suzukii females were released in the center of the cage floor and allowed to lay eggs for 20 h. After this time, fruits were isolated in small (100 ml) cups for 7 days, and then warm water was added to the cup which was energetically shaken until the rotting berry in it completely disintegrated. The cup content was filtered using a 500 lm sieve, and the number of D. suzukii larvae and pupae counted. Thirteen and 12 replicates were performed for the Albion and Candonga varieties, respectively. To ensure that the fruits used in the experiments were not field-infested, a subset of ten fruits of each ripening stage of each variety were kept separately for 2 weeks in the climate chamber as a control to detect potential D. suzukii infestation.
Choice experiments
A set-up similar to the no-choice test was used, except that the cages were wider (29.5 cm diameter) and three 
Firmness, pH, and brix
A subset of 5-10 strawberries of the same variety and ripeness stage were tested for firmness, pH and brix level (% sugar content) the same day that no-choice experiments were conducted. Firmness was measured (in kg/cm 2 ) with a PCE-PTR 200 penetrometer (PCE Group, Spain) using a 6 mm probe, pH was measured with a pH-meter Basic 20 ? (CRISON), and the brix level was measured with a Hand Refractometer, Automatic Temperature Compensation type (0-32 %) (SHIBUYA OPTICAL CO., LTD). The average of three measures per fruit was used in the calculations.
Statistical analysis
All analyses were conducted using the JMP program. For 2012 and 2013 years, Chi-square tests (P \ 0.05) were used to determine significant differences between the percentage of females captured in the field during the two periods of the year: January-June and September-December. The same test was used to analyze the effect of the period of the year on the percentage of females having mature eggs in their abdomens. The number of mature eggs per female in the two periods of the year was compared using the Student's t test.
The effect of variety and ripening stage on the number of developing D. suzukii in the no-choice experiments was analyzed using two-way ANOVA. Data were log transformed to fulfill model assumptions of normality. Simple effects were determined for each factor using the SLICE post-ANOVA procedure. The effect of the ripening stages on the percentage of pupae in the no-choice trials and on the number of developing D. suzukii per fruit in the choice experiments was analyzed separately for each variety using one-way ANOVA. This analysis was also used to assess significant differences in firmness, pH, and brix level between ripeness stages in each variety. When significant effects were detected, a means separation test was performed using the Tukey HSD test (P \ 0.05). Linear regressions were used to test the relationship between mean firmness, pH, and brix value and the mean number of developing D. suzukii. Mean firmness of the 5-10 fruits of a given variety and ripeness stage was calculated to represent one data point in a regression analysis. The mean values were correlated with the average number of developing D. suzukii obtained from the no-choice test conducted on the same date.
Results
Adult abundance, female reproductive status, and field climatic data Over the three years of the experiment (January 2012-June 2014), D. suzukii were captured in the vinegar traps during most months, even in the coldest months of January and February including 2012 when average temperatures were close to 0°C (Fig. 1) . Adults were trapped consistently between January and June and between September and December, with lowest numbers during the first period of the year and population peak in November. In the first period, the highest catches were registered in March and April, when temperatures were milder and there was some rain. Few adults were trapped during July and August of 2012 and 2013, when monthly maximum temperatures approached 30°C. Temperatures during September to November were similar to those recorded during March and April, when rainfall also occurred.
The proportion of females captured during January-June was significantly higher than during September-December in both years [2012 (v 2 = 25.3, df = 1, P \ 0.001); 2013 (v 2 = 11.83, df = 1, P \ 0.001)]. The percentage of females with mature eggs was higher from January to June than from September to December in 2013 (v 2 = 9.81, df = 1, P = 0.002) but not in 2012 (v 2 = 3.45, df = 1, P = 0.063). The number of mature eggs per female was higher during January to June than during September- December [2012 (t 104 = -2.06, P = 0.042); 2013 (t 321 = -5.21, P \ 0.001)] ( Table 2) . None of the 27 females captured in January and February in any year had mature eggs. However, females captured in March 2012 had an average of 5.1 ± 1.2 mature eggs per female (n = 19), 5.2 ± 1.8 (n = 5) in 2013 and 1.6 ± 0.4 (n = 48) in 2014.
Natural infestation and susceptibility of wild noncrop fruits
Of the 17 species of non-crop fruits evaluated, natural infestations were found on three of them: Prunus mahaleb L., Sambucus nigra L., and Rubus ulmifolius Schott. It is worth mentioned that green fruits of R. ulmifolius from Pineda de Mar and those collected at an altitude of 1273 m were found to be infested. Fruits of P. mahaleb and R. ulmifolius yielded up to three D. suzukii adults per fruit (Table 1) . Drosophila suzukii were successfully reared to the adult stage in the laboratory in fruits of Bryonia cretica (Jacq.), Rosa canina L., Solanum chenopodioides Lam., Solanum nigrum L., and S. dulcamara. The number of adults reared per fruit ranged from 0.2 to 1.1 except on S. dulcamara where 3 adults were reared per fruit. No adults were reared from fruits of R. alaternus and V. tinus in either field or laboratory infested fruits from 5 and 4 samples, respectively. In field surveys and fruit susceptibility trials, all fruit samples (11 samples of 8 different fruit species) collected from August to November were able to reproduce the fly, with the exception of C. monogyna. In contrast, out of the 17 samples of 10 different fruit species collected from May to July only P. maheleb fruit were suitable for reproducing D. suzukii.
Effect of strawberry variety and fruit ripeness stage on progeny development
Large larvae and/or pupae of D. suzukii were recovered from fruits of both strawberry varieties and at all ripeness stages in the no-choice experiments (Table 3 ). The twoway ANOVA revealed significant differences for ripeness stages in the number of progeny produced (F 2, 68 = 7.54, P = 0.001), but no significant differences were found among varieties (F 1, 68 = 1.58, P = 0.213). Interaction between variety and ripeness stage was significant (F 2, 68 = 5.55, P = 0.006). The SLICE procedure showed that developing D. suzukii in fruits at different ripeness stages in Albion strawberries was not significantly different (F 2, 68 = 0.24, P = 0.792), while significantly differences were found for the Candonga variety (F 2, 68 = 12.28, P \ 0.001). However, the percentage of pupae over the total number of individuals was higher in red strawberries than in blush or green fruits in both Albion (F 2, 36 = 65.69, P \ 0.001) and Candonga (F 2, 25 = 59.30, P \ 0.001) ( Table 3 ), suggesting that the fly develops faster in red fruits.
In choice experiments, Albion fruits in different ripeness stages did not shown significant different suitability for D. suzukii offspring production (F 2, 38 = 0.44, P = 0.647), but red fruits of Candonga were significantly more suitable than green ones, with blush strawberries being in an intermediate position (F 2, 38 = 5.99, P \ 0.005) ( Table 4)  Table 5 shows the results for firmness, pH, and brix level of fruits of each variety and each ripeness stage. Significant differences were found in firmness at the three ripeness stages for Albion (F 2, 72 = 322.45 P \ 0.001) and Candonga fruits (F 2, 72 = 58,29 P \ 0.001). The pH of green and blush fruits was significantly lower than for red fruits in both Albion (F 2, 72 = 7.35 P = 0.001) and Candonga (F 2, 72 = 13.67 P \ 0.001). The brix levels of Albion strawberries were significantly different for the three ripening stages (F 2, 68 = 23.30 P \ 0.001), whereas the sugar content in Candonga red fruits was significantly higher than that of blush and green fruits (F 2, 72 = 13.94 P \ 0.001). There was no consistent relationship between pH and number of developing insects (Table 6 ). However, firmness and sugar content were significantly correlated with the total number of developing D. suzukii. With an increase in firmness of strawberries, fewer developing larvae and pupae were found in fruits, while an increase in sugar content was related to an increase in the number of flies recorded.
Discussion
Our survey suggests that D. suzukii adults, mostly females successfully overwinter in northeast Spain, as has been observed in other temperate areas of Italy, Japan, and North America (Dalton et al. 2011; Hamby et al. 2014; Kinjo et al. 2014; Zerulla et al. 2015; Rossi-Stacconi et al. 2016; Toxopeus et al. 2016) . During the first half of the year, the adult captures were female-biased and peaked between March and April. Females from January and February had no mature eggs, while multiple eggs were found in females captured from March to June. Our data indicate reactivation of reproductive activity as soon as spring temperatures become favorable and when strawberry fruits start to ripen. The resumption of female activity suggests that D. suzukii overwinters in reproductive diapause, as previously In each column, the different letters indicate significant differences (P \ 0.05) according to a SLICE procedure (individuals per fruit) and Tukey's test (% of pupae) reported by Dalton et al. (2011 ), Zerulla et al. (2015 , and Wang et al. (2016) . The presence of infested fruits on commercial strawberry fields in April 2012 (authors' observations) supported this hypothesis and is in agreement with Burrack et al. (2015) . Other studies reported a developmental arrest of oocyte maturation at previtellogenic stage in D. melanogaster in response to unfavorable conditions of low temperatures, reduction of photoperiod, or absence of mating partner (Saunders et al. 1989; Boulétreau-Merle and Fouillet 2002; Emerson et al. 2009 ). According to Saunders et al. (1989) , this ovarian diapause is rather weak and is easily broken as temperatures increase. However, because of the low number of males during this period, and the probable male sterility of the few surviving winter individuals (Dalton et al. 2011) , new matings are not likely to be the major source of fertilization. Therefore, we assume that the pest population is initiated in spring by females mated prior to the cold season that have carried the sperm through the winter, as reported in other species of Drosophilidae (Collett and Jarman 2001; Boulétreau-Merle and Fouillet 2002) and has been suggested by Rossi-Stacconi et al. (2016) in D. suzukii. The fact that almost no D. suzukii males survive the winter may have important implications for decision-making on pest control strategies during the following season, making early season estimates of sex-bias and trap catches densities essential. Few D. suzukii were captured during July and August which is likely related to the high temperatures close to 30°C and low rainfall registered during these months. This lack of captures may be due to a lack of flight activity above 28°C (Kinjo et al. 2014) , low survival in these weather conditions (Kimura 2004; Tochen et al. 2014 Tochen et al. , 2015 , or migration to higher altitudes to avoid the heat and to exploit food resources in these environments, as suggested by Mitsui et al. (2010) .
In our area, the two crops most susceptible to D.suzukii attack are strawberries and cherries which are produced on small near coastal farms at altitudes up to 400 m and often close to the Mediterranean forest. This facilitates the use of resources from both crops and wild vegetation in forests and in margins of temporary streams and fields, as suggested by Rossi-Stacconi et al. (2016) and Pelton et al. (2016) . Wild fruits may sustain D. suzukii populations and may be especially important when susceptible crops are not available. As these non-crop hosts may be different in different areas (Mitsui et al. 2010; Grassi et al. 2011; Arnó et al. 2012; Poyet et al. 2014; Lee et al. 2015) , specific surveys are required.
Our field surveys and laboratory tests identified eight non-crop hosts of D. suzukii that are abundant in the Mediterranean forest and in the margins of temporary streams and of fields: P. mahaleb, S. dulcamara, R. ulmifolius, B. cretica, S. nigra, R. canina, S. chenopodioides, and S. nigrum. These species, together with A. unedo described as a host by Arnó et al. (2012) and Kenis et al. (2016) , are a characteristic part of the flora of Mediterranean forest and provide abundant fleshy fruits especially in autumn that are also exploited by birds and mammals (Herrera 1995) . As far as we know, this is the first report of R. ulmifolius, B. cretica, and S. chenopodioides as hosts of this fly. In our survey, naturally infested fruits of P. mahaleb, R. ulmifolius (even when still green), and S. dulcamara yielded the largest number of developing D. suzukii indicating that they may be major reservoirs of the pest. Prunus mahaleb was the only naturally infested host out of the eight species of non-crop fruits which bear fruit in May and June. This species has been previously identified as a host in Japan (Kanzawa 1939 ) and in Europe (Poyet et al. 2015) , and Prunus serotina Ehrh. is considered a key host for the fly in forests of Western and Central Europe (Poyet et al. 2014) . Solanum dulcamara and other species of Rubus had been mentioned as D. suzukii hosts Kenis et al. 2016; Poyet et al. 2015) , while S. nigra has been identified as a suitable host in Europe and the US Kenis et al. 2016; Poyet et al. 2016) . Although progeny per fruit in S. nigra was low, the very high number of fruits produced by a single plant means it may play an important role sustaining the D. suzukii population. In fact, Kenis et al. (2016) found that most of S. nigrum samples collected in different European countries were naturally infested by D. suzukii. Elderberries (Sambucus spp.) have also been reported as a major host in several countries of Central and North Europe . Minor infestations were reported in laboratory infested fruits of R. canina and two Solanum species: S. nigrum and S. chenopodioides. Rosa canina has been cited as D. suzukii host by Kenis et al. (2016) . Solanum nigrum is a very common weed in vegetable crops. However, the low progeny per fruit recorded in our laboratory trials, similarly to what has been reported by Poyet et al. (2015) and Kenis et al. (2016) , suggests that this host plant does not play an important role in the built up of the pest population. Finally, S. chenopodioides is an invasive species (Sanz-Elorza et al. 2001 ) so may increase the risk of D. suzukii spread in new areas. This may also be the case for Phytolaca americana L., another invasive species that has been identified as a host in Japan, the US, and Europe (Sasaki and Sato 1995; Lee et al. 2015; Kenis et al. 2016) and has been observed to be naturally infested in the area of study (authors' observations). Both plant species are quite abundant in the margins of Mediterranean temporary streams and of fields, with many ripe fruits in autumn.
Both no-choice and choice tests demonstrated that D. suzukii was able to oviposit in red, blush, or green Albion and Candonga strawberry fruits. Unexpectedly, the pest was able to reproduce on green fruits with a firmness ranging from 11.5 to 16.2 kg/cm 2 , contrary to that reported by Burrack et al. (2013) , who found no oviposition at much lower firmness values. This and the different host suitability observed in our experiments in fruits at different ripeness stages in Candonga but not in Albion may be due to different phenology of firmness and brix level during the ripening process of the varieties. However, our results are in agreement with those of Lee et al. (2011) , Burrack et al. (2013) , and Kinjo et al. (2013) , who state that development of D. suzukii is related to firmness and sugar content. Differences in larval development were observed in both strawberry varieties, with higher percentages of pupae found in red than in blush or green fruits, suggesting better food quality possibly due to higher sugar content. Jaramillo et al. (2015) demonstrated that D. suzukii larvae are well adapted to use carbohydrate-rich diets for their development.
In conclusion, in crops susceptible to D. suzukii that are harvested in spring, such as cherries and strawberries, early detection of the pest with vinegar traps for decision-making may be useful if females are properly identified and the traps are placed close to areas of wild vegetation, especially forests, where there are alternative hosts, as indicated by Klick et al. (2015) and Pelton et al. (2016) . Knowledge of non-crop host plants species and their abundance and phenology, together with the weather conditions, may help to predict the risk of pest damage in specific production areas. Finally, differences in variety and stage fruit susceptibility suggest, for example, that harvesting of Candonga variety fruits before they are fully ripe may reduce pest damage and hinder the increase of D. suzukii populations.
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